Many frogs form large choruses during their mating season in which males produce loud advertisement calls to attract females and repel rival males. High background noise levels in these social aggregations can impair vocal perception. In humans, spatial release from masking contributes to our ability to understand speech in noisy social groups. Here, we tested the hypothesis that spatial separation between target signals and 'chorus-shaped noise' improves the ability of female gray treefrogs (Hyla chrysoscelis) to perform a behavioral discrimination task based on perceiving differences in the pulsatile structure of advertisement calls. We used two-stimulus choice tests to measure phonotaxis (approach toward sound) in response to calls differing in pulse rate along a biologically relevant continuum between conspecific (50 pulses s
Introduction
Human social behavior often demands that we understand speech in noisy social settings. Spatial separation between target speech and sources of noise (e.g., speech-shaped noise or multitalker babble) can lead to marked improvements in speech intelligibility compared to when signal and noise are colocated in azimuth (Arbogast et al., 2002; Bronkhorst and Plomp, 1988, 1992; Dirks and Wilson, 1969; Freyman et al., 1999; Hawley et al., 1999; Hirsh, 1950; Peissig and Kollmeier, 1997; Plomp and Mimpen, 1981; Shinn-Cunningham et al., 2001 . This spatial release from masking contributes to our ability to perceive speech in crowded and noisy social environments, thereby helping to ameliorate the so-called 'cocktail party problem' (Bronkhorst, 2000; Cherry, 1953; McDermott, 2009) . Importantly, the cocktail party problem is a human-specific example of a much more general and widespread problem in animal communication. Many nonhuman animals, such as insects (Römer, 2014) , frogs , and songbirds (Klump, 1996) , also communicate acoustically in noisy social groups in which signal perception is made more difficult (Brumm and Slabbekoorn, 2005) . Investigation into how nonhuman animals perceive acoustic signals in such environments is necessary to understand the potential diversity of mechanisms that have been evolutionarily exploited or derived to solve cocktail-party-like problems (Bee and Micheyl, 2008) .
The present study of Cope's gray treefrog, Hyla chrysoscelis, extends previous work on spatial release from masking in frogs (Bee, 2007 (Bee, , 2008 Feng, 2001, 2003; Nityananda and Bee, 2012; Ratnam and Feng, 1998; Schwartz and Gerhardt, 1989) by investigating the contribution of spatial release from masking to sound pattern discrimination. In their natural environment, female gray treefrogs encounter a difficult problem of sound pattern discrimination in the context of choosing mates of the right species (Gerhardt, 2001 ). Cope's gray treefrog and the closely related eastern gray treefrog, Hyla versicolor, form a cryptic species complex with a widespread geographic distribution in North America (Holloway et al., 2006; Ptacek et al., 1994) . These two species are morphologically indistinguishable and commonly breed at the same times and places in 'mixed-species choruses'. Males of both species produce loud advertisement calls that have a pulsatile structure and similar spectral content (Gerhardt, 2001) . The rate of pulses in male advertisement calls, which is about twice as fast in H. chrysoscelis, is a critically important acoustic feature that distinguishes the two species ( Fig. 1A ; Gerhardt, 2001) . Females of H. chrysoscelis rely on this species difference in pulse rate to discriminate between the faster pulse-rate calls of 'conspecific' (H. chrysoscelis) males and the slower pulse-rate calls of 'heterospecific' (H. versicolor) males .
A previous study of spatial release from masking in H. chrysoscelis established that discrimination between two signals having pulse rates near the population average values for H. chrysoscelis and H. versicolor improved when sources of signals and 'chorus-shaped noise' (i.e., noise with the long-term frequency spectrum of choruses) were separated by 90 compared with a separation of 15 (Bee, 2008) . In the real-world environment of a chorus, however, females of H. chrysoscelis often encounter a much more demanding sound pattern discrimination task in which they must choose between conspecific males with slower-than-average pulse rates and nearby heterospecific males with faster-thanaverage pulse rates. For example, in a large sample of recordings made in central Minnesota, where the present study was conducted, the mean (AEs.d.) pulse rate (corrected to 20 C) of H. chrysoscelis calls was 48.8 AE 4.4 pulses s
À1
, but pulse rates ranged between 40 and 65 pulses s À1 (N ¼ 1000 calls from 50 males, 20 calls/male) (Ward et al., 2013) . For H. versicolor, the average pulse rate was 21.5 AE 1.9 pulses s
, but ranged between 17 and 35 pulses s À1 (N ¼ 368 calls from 13 males, 14 to 58 calls/male) (Bee, M. A., unpublished data) . Thus, in mixed-species choruses, successful reproduction requires females to discriminate differences in pulse rate much smaller than the difference between the average pulse rates of conspecific and heterospecific calls. The objective of the present research was to test the hypothesis that spatial release from masking improves discrimination between signals differing along a pulse-rate continuum between average conspecific calls and average heterospecific calls (Fig. 1A) . We tested the prediction that subjects would be more likely to respond and more likely to choose alternatives with relatively faster (and hence more conspecific-like) pulse rates in spatially separated conditions. Using phonotaxis as a behavioral assay (Gerhardt, 1995) , we conducted two-stimulus choice tests in quiet and in the presence of colocated and spatially separated chorus-shaped noise. In six different tests, females were allowed to choose between all possible pairwise combinations of alternative signals having pulse rates of 20, 30, 40, and 50 pulses s À1 (Fig. 1A) . Based on recordings made in our study population, the 50 pulses s À1 stimulus is close to the average pulse rate of conspecific calls (48.8 pulses s À1 ) and the 20 pulses s À1 stimulus is close to the average pulse rate of heterospecific calls (21.5 pulses s À1 ). A pulse rate of 40 pulses s À1 is just inside the range of variation for H. chrysoscelis, but slightly outside the range of variation for H. versicolor, while a pulse rate of 30 pulses s À1 is outside the range of variation for H. chrysoscelis but inside the range of variation for H. versicolor. The overall pattern of results indicated that responsiveness was higher and discrimination performance was better in separated compared with colocated conditions. These results support the hypothesis that spatial separation between signals and chorus-shaped noise can improve sound pattern discrimination in frogs.
Materials and methods

Subjects
The subjects of this study were female H. chrysoscelis of the western genetic lineage (Holloway et al., 2006; Ptacek et al., 1994) We transported amplexed pairs to the lab where they were maintained at approximately 2 C until testing to prevent egg deposition. At least 30 min prior to testing, we placed pairs in an incubator to bring their body temperatures to 20 AE 1 C. We briefly separated focal females from their mates for testing. Subjects were returned to their mates in the incubator between tests and at the conclusion of testing. Collected pairs were typically returned to their capture site within 2 days. In total, we collected 257 females for this study; 17 of these frogs became unresponsive during testing and were excluded from the dataset and analyses described here (total N ¼ 240). All procedures for the collection, handling and testing of frogs were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and were approved by the University of Minnesota Institutional Animal Care and Use Committee (#1202A10178).
Acoustic stimuli
Signals
We used MATLAB Ò 7.6.0 (MathWorks, Natick, MA, USA) to generate synthetic stimulus calls (44.1 kHz sampling rate, 16 bit resolution) that differed in pulse rate, but were identical or very similar in other spectral and temporal properties. Each stimulus call was composed of a chain of identical pulses with spectral and gross-temporal properties based on average values (corrected to 20 C) from our study population (Ward et al., 2013) . Following Bush et al. (2002) and Schul and Bush (2002) , we elected to maintain a constant call duration (in ms) and constant pulse duty cycle (50%) across all test stimuli. Hence stimuli with relatively slower pulse rates also had relatively longer and fewer pulses separated by relatively longer inter-pulse intervals (Fig. 1A) . For each stimulus, we created an individual pulse by adding two harmonically related, phase-locked sinusoids of the appropriate duration and with frequencies (and relative amplitudes) of 1.25 kHz (À9 dB) and 2.5 kHz (0 dB) (Fig. 1B) . We used an inverse exponential rise and exponential fall to shape the pulse envelope. Rise and fall times were constant across stimuli in terms of their respective proportions of pulse duration (0.36 for rise time and 0.64 for fall time). We created calls by concatenating pulses and inter-pulse intervals of appropriate duration to achieve the desired pulse rate until the number of pulses (12e30 pulses) produced a call having a duration as close as possible to 590 ms, which was the duration of an average-length call (30 pulses) with an average pulse rate (50 pulses s À1 ) (Fig. 1A) . We shaped the amplitude envelope of each call using a linear rise over the first 60 ms of the call. To simulate a calling male during tests, we repeated the appropriate call with a period of 5 s. This call period is equivalent to a call rate of 12 calls/ min, which is similar to the average call rate recorded in our study population at 20 C (Ward et al., 2013) . Within a given choice test, the two alternative calls were presented from different speakers and alternated exactly out of phase with respect to their midpoints, such that each alternating call was preceded and followed by an equivalent silent interval. Across subjects in each choice test, we counter-balanced the order in which the two alternative calls began each alternating sequence. All choice tests were replicated at two signals levels: 85 dB and 82 dB SPL (re 20 mPa, measured at a distance of 1 m). These two signal levels allowed us to test two signalto-noise ratios (SNRs) and were chosen because they are close to the lower end of the range of natural variation in sound pressure levels reported for gray treefrog calls (84.5 dB) recorded at a distance of 1 m (Gerhardt, 1975) .
Chorus-shaped noise
As a masker, we used a stationary noise shaped to have the longterm frequency spectrum of natural gray treefrog breeding choruses ( Fig. 1B and C) . Chorus-shaped noise is thus conceptually analogous to the use of speech-shaped noise in studies of spatial release from masking in humans. We generated chorus-shaped noise following procedures outlined in more detail elsewhere (Nityananda and Bee, 2012; Bee, 2011, 2013) . Briefly, we made 90-s digital recordings (44.1 kHz sampling rate, 16 bit resolution) of 14 active breeding choruses using a Marantz PMD 670 digital recorder (D&M Holdings US Inc., Mahwah, NJ) and an omnidirectional Sennheiser ME62 microphone (Sennheiser Electronic Corporation, Old Lyme, CT). We transformed these 14 recordings to the spectral domain and calculated their long-term average frequency spectrum. We then generated four unique 90-s white noises, transformed each to the spectral domain, and multiplied each by the average chorus frequency spectrum. We band-pass filtered the resulting chorus-shaped noises to retain frequencies between 850 and 3300 Hz, and then transformed them back to the temporal domain using an inverse FFT. We concatenated the four 90-s noises at zero-crossings to obtain a continuous chorus-shaped noise of approximately 6 min in duration for use in behavioral tests. We have shown previously that stationary chorusshaped noise is a behaviorally neutral sound in that females exhibit neither positive nor negative phonotaxis in response to hearing it (Swanson et al., 2007; Bee, 2010, 2011) .
Apparatus and stimulus broadcasts
We carried out choice tests in a temperature-controlled, hemianechoic sound chamber (2.8 m Â 2.3 m Â 2.1 m, L Â W Â H; Industrial Acoustics Company [IAC] , Bronx, New York, USA). Because pulse rate selectivity is temperature dependent in gray treefrogs (Gerhardt, 1978) , we conducted all tests at an ambient temperature of 20 AE 1 C. The interior ceiling and walls of the sound chamber were lined with acoustic insulation covered with dark gray perforated metal (IAC's PlanarchoicÔ panel system). The floor of the sound chamber was covered in dark gray, low pile carpet. In the center of the chamber was a 2-m diameter circular test arena bordered by a 60-cm high wall made of hardware cloth and covered in acoustically transparent but visually opaque black fabric ( Fig. 2A) . In the center of the test arena, on the floor, was an acoustically transparent, subject release cage (9-cm diameter, 2-cm height) that could be operated from outside the chamber via a pulley system. We broadcast sounds from two pairs of speakers (Mod1 Orb speaker, Orb Audio, New York, NY, USA) located outside the perimeter of the arena wall. Each speaker faced inward toward the arena's center. The two speakers in each pair were separated by 45 . The two pairs of speakers were placed on opposite sides of the arena such that each speaker within a pair was separated from the two speakers in the opposite pair by 135 and 180 , respectively (Fig. 2) . For scoring purposes, we marked off two 10-cm, semi-circular 'response zones' with adhesive tape on the floor of the arena in front of the two speakers from which signals were broadcast (Fig. 2B) . We observed subject behavior under infrared (IR) light and scored responses during tests using a monitor outside of the chamber connected to an IR-sensitive Panasonic WV-BP334 video camera (Panasonic Corporation of North America, Secaucus, NJ, USA) positioned at ceiling height directly above the center of the test arena ( Fig. 2A) .
We broadcast sounds using Adobe Audition 1.5 (Adobe Systems Inc., San Jose, CA, USA) running on a Dell Optiplex 980 PC computer (Dell Computer Corporation, Round Rock, TX, USA) located outside of the chamber. Sounds were output through an M-Audio FireWire 410 multichannel soundcard (M-Audio, Irwindale, CA, USA) and amplified using a HTD DMA-1275 amplifier (Home Theater Direct, Inc., Plano, TX, USA). To conduct two-stimulus choice tests, we broadcast two alternating calls with different pulse rates from one of the speaker pairs via separate channels of a stereo sound file directed to different speakers within the pair. Across subjects, we counter-balanced the relative positions of the playback speakers so that half of the subjects in each test heard the alternative with the relatively faster pulse rate coming from either the left or the right speaker in the pair.
At the start of each testing day, and between tests of three to five subjects, we calibrated the sound pressure levels of both alternative calls to either 85 dB or 82 dB SPL (LCF max ) at a distance of 1 m at the release site. We did not broadcast any masking noise during tests conducted in quiet. The background noise level in the test chamber ranged between 2 and 12 dB SPL (fast RMS, flat weighting) in the 1/3-octave bands between 500 and 4000 Hz, which span the frequency range of interest in this study. For tests conducted in the presence of chorus-shaped noise, the noise was broadcast either from the same two speakers as the calls (colocated condition; Fig. 2B ) or from the other pair of speakers on the opposite side of the arena (separated condition; Fig. 2B ). During a test, we simultaneously broadcast the same noise from the two speakers within a pair. We separately calibrated the masking noise broadcast from each speaker to be 79 dB (LC eq ) at the subject release site 1 m from the speaker so that the combined level of both noises, when simultaneously broadcast from both speakers in a pair, was 82 dB at the same position. A noise level of 82 dB falls within the range we have recorded in active gray treefrog choruses (Caldwell, M. S. and Bee, M. A., unpublished data). Depending on signal level (85 dB or 82 dB), this noise level yielded a nominal SNR of either þ3 dB or 0 dB, respectively, at the release site in the center of the arena. All sound measurements were made using a Brüel and Kjaer Type 2250 sound level meter (Brüel and Kjaer, Norcross, GA, USA). For calibration, we placed the microphone at the center of the arena at a distance of 3 cm from the floor and 1 m from each speaker and aimed it at a point on the arena wall directly between the two speakers that were being calibrated. This was the approximate position of a subject's head while sitting in the release cage.
We also measured sound levels at 33 points distributed across the floor of the test arena to characterize the variation in calibrated signal and noise levels (and SNR) that subjects could experience during phonotaxis. Our general expectation was that spatial variation in SNR would be greater in the separated condition than in the colocated condition. One of the 33 measurements was made at the center of the arena. The remaining 32 measurements were made at four locations between the center and wall of the arena (25, 50, 75, and 90 cm from the center) along each of eight radial transects originating at the arena center, extending toward the arena wall, and located at angles of 0 (i.e., midway between the two signal speakers), 45 , 90 , 135 , 180 , 225 , 270 , and 315 . We generated 'sound maps' to visually characterize sound levels across the arena floor during playbacks of signals alone, chorus-shaped noise alone, and signals and noise together in both the colocated and separated conditions. We used cubic spline interpolation between the 33 measured points to assign sound levels with a resolution of 0.1 and 1 cm.
Phonotaxis test procedures
To assure that subjects remained motivated to discriminate behaviorally between two stimuli differing in pulse rate, we conducted a reference test in quiet at the beginning and end of each subject's test session. Reference tests consisted of giving the subject a choice between the two alternative calls having pulse rates of 50 pulses s À1 and 20 pulses s À1 at the 85-dB signal level. This test simulated a choice between a conspecific male and a heterospecific male. Previous work on pulse rate discrimination in this species provided strong a priori justification for excluding any subject that did not respond by choosing the alternative with a pulse rate of 50 pulses s À1 in both reference tests Gerhardt, 2005 Gerhardt, , 2008 Kuczynski et al., 2010; Nityananda and Bee, 2011; Schul and Bush, 2002) . Between the two reference tests each subject was tested in all six two-stimulus choice tests in a different randomized order. Between consecutive tests, subjects were given a brief timeout of 5e15 min in the incubator. Previous studies have shown that female gray treefrogs do not exhibit directional biases or carry-over effects as a result of repeated testing in this manner (Gerhardt et al., 2000) . Different groups of subjects were tested at the two signal levels (85 dB and 82 dB) and in the three acoustic conditions (quiet, colocated and separated). We continued testing until 40 different subjects had been tested in each of the six factorial combinations of acoustic condition and signal level, yielding a final sample size of 240 frogs. At the start of each choice test, we placed the subject in the release cage where it was permitted to acclimate for 90 s. For tests conducted in the presence of noise, the noise broadcast began 60 s into the acclimatization period and continued for the remainder of the test. In all tests, we began broadcasting the alternating signals at the end of the 90-s acclimatization period and we released subjects after the initial 15 s of signal broadcasts. Subjects were given up to 5 min after their release to make a choice, which they indicated by walking or hopping toward one of the two signal speakers. We scored a response as occurring when the subject entered either response zone while exhibiting stereotyped phonotaxis behavior (Rheinlaender and Klump, 1988) . We scored the latency of a response as the elapsed time between the subject's release and its entry into a response zone. Subjects that failed to respond within 5 min were scored as 'no response' and no latency value was assigned.
Data analysis
Our prediction was that subjects would be more responsive and more likely to choose calls with faster pulse rates in spatially separated conditions compared with colocated conditions. To test this prediction, we derived three response variables based on the proportions of subjects responding and choosing alternatives with faster pulse rates. P(responsive) was the proportion of subjects (out of 40) that responded during a choice test regardless of the signal ultimately chosen. P(faster) was the proportion of all subjects tested (out of 40) that chose the signal with the faster pulse rate, which was the more conspecific-like (i.e., 'correct') alternative in each test. P(fasterjresponse) was the proportion of responsive subjects that chose the signal with the faster pulse rate. The difference between P(faster) and P(fasterjresponse) is that the former considers both 'no response' and choice of the relatively slower pulse rate alternative to be 'incorrect' responses, whereas the latter only considers responses in which subjects actively made a choice and excludes all scores of 'no response'. For P(fasterjresponse), sample size varied across tests according to the number of subjects that responded.
We used Fisher's exact tests to compare responses in quiet to those obtained in the colocated and separated conditions. These analyses considered behavior in quiet to represent expected responses under optimal listening conditions. We tested the null hypotheses that subjects would be equally likely to respond [P(responsive)] and to choose the signal with the faster pulse rate [P(faster) and P(fasterjresponse)] in tests conducted in quiet and in each of the two noise conditions. These null hypotheses were tested against the one-tailed alternative hypotheses that subjects would be less likely to respond and to choose faster pulse rates in each noise condition compared with quiet. We used a sequential Bonferroni procedure (Rice, 1989) to correct for multiple comparisons at each of the two signal levels.
We directly compared responses in the colocated and separated conditions using Generalized Estimating Equations (GEE) (Hardin and Hilbe, 2012) . We fit two marginal models to each of our three binomially distributed response variables [P(responsive), P(faster) and P(fasterjresponse)] using logit link functions and exchangeable correlation structures, which assume correlations among repeated measurements are homogeneous. We validated the appropriateness of exchangeable correlation structures in preliminary models using the Quasi Likelihood Under Independence Model Criterion (QIC) (Hardin and Hilbe, 2012; Pan, 2001 ) against alternatives having faster pulse rates (30, 40 and 50 pulses s À1 ). All models tested the effect of the nominal 'noise configuration' (colocated versus separated), 'SNR' (þ3 dB versus 0 dB), and 'choice stimuli' (i.e., which two stimuli were paired against each other in a given test). In preliminary analyses, we included all main effects and interaction terms in the models. We removed non-significant interaction terms prior to final analyses, and compared models containing significant interaction terms to those containing only main effects. We selected the best sets of model terms using the Corrected Quasi Likelihood Under Independence Model Criterion (QIC u ) (Hardin and Hilbe, 2012; Pan, 2001 ). Though we made no specific predictions concerning response latency, we explored whether latencies differed between 'correct' or 'incorrect' choices and whether latency varied as a function of acoustic condition and signal level. For each choice test, we used a ManneWhitney U test to compare the median response latencies when subjects chose the 'correct' alternative with the relatively faster (and hence more conspecific-like) pulse rate to those when subjects chose the 'incorrect' alternative with the slower (and more heterospecific-like) pulse rate. We collapsed over all three acoustic conditions and both signal levels for this analysis to compensate for the low numbers of subjects choosing the slower pulse-rate alternative in several choice tests. A nonparametric test was used because of small sample sizes and issues of heteroscedasticity. We assessed whether response latency varied as a function of acoustic condition and signal level by comparing latencies separately for each choice test (regardless of choice) using a 3 acoustic condition (quiet, colocated, and separated) Â 2 signal level (85 dB or 82 dB) analysis of variance (ANOVA). Pairwise post-hoc tests (Tukey's unequal N HSD) were used to compare response latencies in the three acoustic conditions.
All statistical analyses were carried out using SPSS v.17.0.2 (IBM, Armonk, NY, USA) or Statistica v.7.1 (Stat Soft, Tulsa, OK, USA). We used an experiment-wide a level of 0.050 as a significance criterion in all tests.
Results
Responses in quiet
The open circles in Fig. 3 depict responses in quiet. In general, subjects were more likely to respond [P(response)] and to chose alternatives with faster pulse rates [P(faster) and P(fasterjresponse)] when one of the alternatives had a pulse rate within the natural range of variation of conspecific calls (i.e., 50 or 40 pulses s À1 ). Nearly all subjects (98%e100%) responded when one of the two alternatives had a pulse rate of 50 or 40 pulses s À1 , whereas only 58%e70% of subjects did so when both alternatives had slower pulse rates in the range of H. versicolor (30 and 20 pulses s À1 ) [P(response); Fig. 3A and B]. Between 88% and 100% of all subjects chose an alternative with a pulse rate of 50 or 40 pulses s À1 when it was paired against alternatives with slower pulse rates [P(faster); Fig. 3C and D]. However, only 43%e68% of subjects did so when given a choice between alternatives with pulse rates of 30 and 20 pulses s À1 (Fig. 3C and D) . Most of the other subjects in the test of 30 versus 20 pulses s À1 did not respond. We observed generally similar preferences for alternatives with faster pulse rates when we considered only subjects that responded [P(fasterjresponse); Fig. 3E and F]. Across all six choice tests at both signal levels, between 74% and 100% of responsive subjects chose the alternative with the faster pulse rate. When given a choice between calls having pulse rates of 30 and 20 pulses s
À1
, however, subjects again chose the faster-rate alternative somewhat less often than in other choice tests ( Fig. 3E and F) .
Responses in quiet versus colocated and separated noise
Responses in the colocated and separated conditions are shown in Fig. 3 as black and gray circles, respectively. In colocated noise, subjects were generally less likely to respond and less likely to choose alternatives with faster pulse rates than expected based on responses in quiet conditions (Fig. 3 , black versus open circles; Table 1 ). For example, when signals were broadcast at 82 dB (0 dB SNR in noise), significantly fewer subjects responded [P(responsive)] in colocated noise than in quiet, except when given a choice between alternatives with pulse rates of 30 and 20 pulses s À1 (Table 1) . Differences in P(responsive) between the quiet and colocated conditions were much less pronounced, and more often non-significant, at the 85-dB signal level (þ3 dB SNR in noise) ( Table 1) . At both signal levels, subjects were significantly less likely to choose alternatives with faster pulse rates in colocated noise than in quiet for most choice tests [P(faster) and P(fasterjresponse); Table 1 ].
In contrast to colocated conditions, the proportions of subjects that responded [P(responsive)] and that chose alternatives with Fig. 3 . Subject responses in six choice tests conducted in three acoustic conditions and at two signal levels. Points depict the proportions (AE95% exact binomial confidence intervals) of subjects that responded or chose the alternative with the relatively faster pulse rate in quiet conditions (white circles), in the presence of spatially separated chorus-shaped noise (gray circles), and when signals and masking noise were colocated (black circles). A & B) The proportions of all subjects that chose one of the two calls in choice tests [P(responsive) 
The proportions of all subjects that chose calls with faster pulse rates [P(faster); N ¼ 40]. E & F) The proportions of responsive subjects that chose calls with faster pulse rates [P(fasterjresponse)]. Numbers below the circles in E and F indicate the total number of responsive subjects in each choice test. In panels A, C, E, signals were broadcast at 85 dB and chorus-shaped noise was broadcast at 82 dB SPL (þ3 dB SNR). In panels B, D, F, both signals and chorus-shaped noise were broadcast at 82 dB SPL (0 dB SNR). The dashed lines in E and F indicate the proportion of responsive subjects expected to choose the faster pulse rate by chance in a two-stimulus choice test (50%).
faster pulse rates [P(faster) and P(fasterjresponse)] in the separated conditions did not differ from expectations based on responses in quiet for most choice tests (Fig. 3 , gray versus open circles; Table 1 ). With only one exception, there were no significant differences between the proportions of subjects that responded in quiet and separated conditions [P(responsive); Table 1 ]. The single exception occurred in the test of 30 versus 20 pulses s À1 at the 85-dB signal level (þ3 dB SNR in noise). In this test, significantly fewer subjects responded in the separated condition than in quiet ( Fig. 3 ; Table 1 ). The proportions of subjects that chose alternatives with faster pulse rates were similar in quiet and separated conditions for most combinations of stimuli broadcast at both signal levels [P(faster), P(fasterjresponse); Table 1 ]. Deviations from this general pattern occurred most often when subjects were given a choice between two alternatives in which both pulse rates were within (50 and 40 pulses s
À1
) or outside (30 and 20 pulses s
) the range of natural variation for H. chrysoscelis. In these cases fewer subjects tested in the presence of separated noise chose the alternative with the faster pulse rate than did subjects tested in quiet (Fig. 3) .
Responses in colocated versus separated noise
Noise configuration (colocated versus separated) had a significant overall effect in all GEE models ( Fig. 3; Table 2 ). Subjects were more likely to respond [P(responsive)] in the presence of separated noise than in colocated noise (Fig. 3) . Noise configuration also influenced the proportions of subjects that chose alternatives with faster pulse rates [P(faster), P(fasterjresponse)] (Fig. 3) . Compared with colocated noise, subjects tested in separated noise were more likely to choose the stimulus with a pulse rate of 50 pulses s À1 than alternatives with slower pulse rates, and more likely to discriminate against the stimulus with a pulse rate of 20 pulses s À1 in favor of alternatives with faster pulse rates. The nominal SNR at the release site (þ3 dB versus 0 dB) had a significant overall effect in most GEE models ( Fig. 3; Table 2 ). Subjects were generally more likely to respond [P(responsive)] at the þ3 dB SNR than at the 0 dB SNR. Subjects were also more likely to choose alternatives with relatively faster pulse rates at a SNR of þ3 dB than at the 0 dB SNR (Fig. 3) . This held for both P(faster) and P(fasterjresponse) in tests that paired the 50 pulses s À1 stimulus against slower alternatives. It also held for P(faster), though not P(fasterjresponse), in tests that paired the 20 pulses s À1 stimulus against faster alternatives. Table 2 Results from GEE models examining the effects of noise configuration (separated, colocated), SNR (þ3 dB, 0 dB) and choice stimuli (20 or 50 pulses s À1 versus alternatives) on subject responses in choice tests. Significant effects are given in bold (a < 0.050). Choice stimuli influenced P(faster) and P(fasterjresponse), but not P(responsive), when subjects were given a choice between 50 pulses s À1 and slower pulse-rate alternatives, and it influenced all three response variables when subjects were given a choice between 20 pulses s À1 and faster pulse-rate alternatives (Table 2) .
Pair-wise contrasts based on marginal means indicated that P(responsive) increased in parallel with the pulse rate of alternatives to the 20 pulses s À1 call (i.e., 30, 40, or 50 pulses s À1 ;
Ps < 0.01). In general, subjects were more likely to choose the alternative with the relatively faster pulse rate [P(faster) and P(fasterjresponse); Ps < 0.001] when pulse rates within the species range (i.e., 40 or 50 pulses s À1 ) were paired against pulse rates outside of the natural range of variation (i.e., 20 or 30 pulses s À1 ).
A significant interaction between noise configuration and choice stimuli influenced P(faster) and P(fasterjresponse), but not P(responsive) in tests pairing 50 pulses s À1 against slower pulserate alternatives and all three response variables in tests that paired 20 pulses s À1 against faster pulse-rate alternatives (Table 2) .
Subjects were generally more likely to respond and more likely to choose faster pulse rates in the separated condition when the pulse rate differences were large (e.g., 50 versus 20 pulses s À1 or 40 versus 20 pulses s À1 ) than when they were small (e.g., 50 versus 40 pulses s À1 or 30 versus 20 pulses s À1 ). There was also a significant interaction between SNR and choice stimuli for P(faster) when 20 pulses s À1 was tested against faster pulse-rate alternatives (Table 2) . At the þ3 dB SNR, subjects were more likely to discriminate against 20 pulses s À1 in favor of a faster pulse-rate alternative when the difference in pulse rate was large (i.e., 50 pulses s À1 versus 20 pulses s À1 ) than when it was small (i.e., 30 pulses s À1 versus 20 pulses s À1 ).
Response latencies
Subjects tended to have significantly shorter latencies (or nearly so; Ps 0.083) when they chose alternatives with relatively faster pulse rates compared to when they chose alternatives with slower pulse rates (Table 3) . That is, decisions that in some cases should be construed as 'errors' (i.e., choosing the alternative with a slower, more heterospecific-like pulse rate) were made with longer, not shorter, response times. Across the six choice tests, the increase in median latency that accompanied choices of relatively slower pulse-rate alternatives ranged between 28.9% and 119.0% of the median latency to choose alternatives with faster pulse rates ( Table 3) . As illustrated in Fig. 4 , latencies were typically longer in the colocated condition than in other acoustic conditions, and they were similar between the quiet and separated conditions. In 3 acoustic condition Â 2 signal level ANOVAs of response latencies, the main effect of acoustic condition was significant in all tests except that of 30 versus 20 pulses s À1 (Table 4 ; Fig. 4 ). In pairwise post-hoc tests for all choice tests in which the main effect of acoustic condition was significant, there were significant differences in latency between the quiet and colocated conditions and between the separated and colocated conditions, but not between the quiet and separated conditions (Table 4 ; Fig. 4) . The main effect of signal level was not significant in any test, and the interaction of signal level and acoustic condition was significant only in tests that included an alternative with a pulse rate of 50 pulses s
À1
. We would additionally note that there was no significant difference between the median response latencies of the first (66 ms) and last (65 ms) reference tests, which preceded and followed, respectively, the six two-stimulus choice tests of interest (Wilcoxon matched-pairs signed-ranks test: Z ¼ 0.49, P ¼ 0.628; N ¼ 234; latencies for six individuals were unavailable for the first reference test). Hence, there was no evidence to suggest that the responsiveness of subjects waned with repeated testing.
Characterization of the sound field
Maps of sound levels across the floor of the arena are depicted in Fig. 5 . In quiet conditions (Fig. 5A) , signal levels ranged from 74.6 to 89.5 dB for the calibrated level of 82 dB at the central release point, and from 77.2 to 93.5 dB for the calibrated level of 85 dB. Noise levels calibrated to 82 dB at the central release site ranged from 75.3 to 89.1 dB (Fig. 5B and C) . As expected, there was greater variation in SNR across the floor of the arena in the separated condition (Fig. 5C ) compared with the colocated condition (Fig. 5B) . For example, at the nominal SNR of þ3 dB, SNRs across the arena floor ranged from À6.5 to 5.7 dB in the colocated condition (Fig. 5B) and from À9.3 to 17.7 dB in the separated condition (Fig. 5C ). Similar patterns of differences were also observed at the nominal SNR of 0 dB, in which SNRs ranged from À9.8 to 1.7 dB in the colocated condition (Fig. 5B) and from À13.1 to 14.2 dB in the separated condition (Fig. 5C ). As subjects moved closer toward one of the two target signals, the SNR became progressively more favorable in the separated condition, but not the colocated condition. The spatial heterogeneity in SNRs observed in the separated conditions was similar to the heterogeneity in signal levels in the quiet condition (cf. Fig. 5A and C) .
Discussion
Summary of main findings
Three main findings can be summarized as follows. First, in quiet, females of H. chrysoscelis behaviorally discriminated differences in pulse rate along a continuum between average conspecific calls and average heterospecific (H. versicolor) calls. Preferences in two-stimulus choice tests favored faster over slower pulse rates, and pulse rates within the natural range of conspecific calls over those falling outside this range but inside the range of H. versicolor. These results were expected and corroborate previous studies of pulse rate selectivity in gray treefrogs Gerhardt, 2005 Gerhardt, , 2008 Gerhardt and Doherty, 1988; Kuczynski et al., 2010; Nityananda and Bee, 2011; Schul and Bush, 2002) . Second, colocated noise reduced responsiveness and impaired pulse rate discrimination. The proportions of subjects responding [P(responsive)] and choosing alternatives with faster pulse rates [P(faster) and P(fasterjresponse)] were lower, and response latencies longer, in colocated noise than in quiet. Finally, the data were consistent with the prediction that responsiveness should be higher and pulse rate discrimination performance should be better Table 3 Median response latencies in the reference tests and in the six two-choice tests pairing alternatives with relatively faster and slower pulse rates. Latencies are shown separately for subjects that chose the faster and slower alternatives and are compared with ManneWhitney U Tests. Significant effects are given in bold (a < 0.050). when signals and noise originate from different locations in azimuth, compared to when signals and noise are colocated. Moreover, the proportions of subjects responding [P(responsive)] and choosing alternatives with faster pulse rates [P(faster) and P(fasterjresponse)], as well as response latencies, generally did not differ between quiet and spatially separated conditions. Hence, the data support the hypothesis that spatial release from masking provides a benefit to female gray treefrogs in performing a Fig. 4 . Responses latencies in six choice tests conducted in three acoustic conditions and at two signal levels. Points and error bars depict means AE s.e.m. White and black circles indicate response latencies, respectively, at signal levels of 85 dB (þ3 dB SNR in noise; white circles) and 82 dB (0 dB SNR in noise; black circles). Response latencies were not assigned to subjects that failed to respond; therefore, sample sizes varied for each combination of acoustic condition, signal level, and choice stimuli (16 N 40).
Table 4
Results from 3 Â 2 ANOVAs comparing response latencies across three acoustic conditions (quiet, colocated noise, and separated noise) and two signal levels (85 dB and 82 dB). Also shown are results from pairwise Tukey unequal N HSD tests comparing all three acoustic conditions. Significant effects are given in bold (a < 0.050). 
Relevance to communication behaviors
Our study is relevant to two different aspects of hearing and sound communication in gray treefrogs. First, the present study extends earlier work (Bee, 2008) by showing that spatial release from masking improves pulse-rate discrimination along the realworld continuum that exists between average conspecific and heterospecific calls. In quiet, females robustly chose the relatively faster, more conspecific-like pulse rate across most tests. This discrimination was impaired in the presence of colocated noise, most markedly so at the 0 dB SNR. Remarkably, a relatively high proportion of subjects [0.52 P(responsive) 0.75 across tests] at this SNR still chose one of the two alternatives in colocated noise; however, many females made the error of choosing a signal with pulse rates more typical of a heterospecific caller. Such an error would be biologically costly if females were to make it in nature due to low hybrid viability (Johnson, 1963) . While our experimental setup did not mimic the natural spatial distributions of signals and noise in real choruses (e.g., Schmidt and Römer, 2011) , we would note that female gray treefrogs sometimes (though quite infrequently) make the mistake of mating with males of the wrong species in natural settings . We suggest that in particularly dense, mixed-species choruses, high levels of background noise and acoustic clutter might contribute to these rare but costly mate choice errors (Bee, 2008; Marshall et al., 2006) . The key implication of the present study is that mechanisms responsible for spatial release from masking likely contribute to the rarity of such errors by maintaining the integrity of auditory temporal selectivity for conspecific over heterospecific pulse rates under the noisy conditions encountered in nature.
Second, there was no indication that the benefits of spatial separation resulted from increased behavioral exploration of the test arena by subjects during their phonotaxis approach. In treefrogs, phonotaxis by gravid females is the behavioral response elicited by hearing a communication signal that ultimately initiates all subsequent reproductive behaviors (e.g., amplexus, oviposition) in response to calling males. Phonotaxis behavior is also tightly linked with sound source localization (Rheinlaender and Klump, 1988) . Elsewhere, we have established that increases in phonotaxis path length result in direct increases in response latency because the speed with which subjects approach sound sources does not vary markedly (Bee and Riemersma, 2008) . Likewise, longer time periods spent sitting and not approaching a sound source also result in longer response latencies (Beckers and Schul, 2004) . In the present study, the separated condition created much more spatial variation in SNR across the floor of the test arena than was available in the colocated condition. Had it been the case that improvements in discrimination in the separated condition resulted because females spent more time either behaviorally exploring the sound field or sitting and listening before approaching the more conspecific-like stimulus, then response latencies would have been longer, not shorter, in the separated condition. Instead, longer latencies were associated with incorrect choices and the colocated condition. In fact, response latencies in the separated condition were not significantly different from those measured in quiet, in which females take fairly direct paths to sources of advertisement calls (Bee and Riemersma, 2008; Rheinlaender and Klump, 1988) . Ongoing studies are investigating how phonotaxis behavior itself relates more directly to the choices females ultimately make in two-stimulus choice tests conducted in the presence of colocated and spatially separated noise.
Mechanisms of spatial release from masking in frogs
Results from the present study establish an important linkage between the mechanisms of temporal processing and spatial release from masking in treefrogs. Temporal call features, such as pulse rate, are extracted by neural filters that become increasingly selective for conspecific pulse rates at higher stages of the anuran auditory system (reviewed in Gerhardt and Huber, 2002; Hall, 1994) . Some neurons in the frog inferior colliculus (IC), for example, only respond after a threshold number of pulses separated by the correct interpulse interval characteristic of conspecific calls (Edwards et al., 2002) . In light of the present results, it would be informative in future work to characterize the spatial selectivity of interval counting neurons and its underlying mechanisms to better understand the linkage between temporal feature extraction and spatial release from masking established here.
The mechanisms by which the frog auditory system exploits spatial disparities in SNR to achieve spatial release from masking likely differ in important ways from those that operate in humans. A major contribution to spatial release from energetic masking in human listeners is the head shadowing effect, which causes the SNR to be higher at one ear (the so-called "best ear for listening") when signals and noise originate from different azimuthal locations. Much of the spatial release of energetic masking at the periphery may be attributed to the effects of best ear listening, at least for higher sound frequencies (e.g., Best et al., 2005) . The processing of binaural cues (i.e., interaural time differences (ITDs) and interaural level differences (ILDs)) by the central auditory system also influences the magnitude of spatial unmasking in humans (e.g., Bronkhorst and Plomp, 1988; Culling et al., 2004; Hawley et al., 1999) . Effects of spatial separation that cannot be explained by differences in SNR at the two ears and binaural processing have been attributed to the influence of informational masking at higher levels of the central nervous system (Arbogast et al., 2002; Freyman et al., 1999; Kidd et al., 2005; Shinn-Cunningham et al., 2005) .
One notable difference between spatial hearing in humans and frogs at the peripheral level is that frogs have internally coupled middle ears connected through the mouth cavity via wide and open Eustachian tubes (reviewed in Christensen-Dalsgaard, 2005 , 2011 . As a result, frog ears function, in part, as pressure-difference receivers that are inherently directional due to the potential for sound to reach both sides of each tympanic membrane. In addition, sound can reach the internal surface of the frog's tympanic membrane through the lungs, the mouth cavity, and the nares, and sound energy also can be transmitted to the frogs' inner ear via extratympanic pathways (Mason, 2007) . The directionality imparted by the frogs' pressure-difference mechanism is critical for spatial hearing in these animals, as ITDs and ILDs at the external surfaces of the tympanic membranes are often negligibly small at the sound frequencies many frogs use for communication (reviewed in Gerhardt and Huber, 2002) . For example, at the two frequencies emphasized in the calls of male gray treefrogs (1250 Hz and 2500 Hz), average ILDs do not exceed approximately 0.8 dB as a function of sound incidence angle across 360 in azimuth; the difference at most angles falls below 0.5 dB (Caldwell, M. S. and Bee, M. A., unpublished data) . Hence in gray treefrogs, at least, there is no obvious equivalent of a single "best ear for listening" considering that the two ears are internally coupled, external cues are quite small, and sound can reach the inner ears via extratympanic pathways.
Central mechanisms underlying spatial release from masking may also differ between humans and frogs. Studies of northern leopard frogs (Rana pipiens) have reported magnitudes of spatial release for neural detection thresholds of about 3 dB in recordings of auditory nerve fibers, and about 9 dB in the midbrain (Lin and Feng, 2001; Ratnam and Feng, 1998) . Unfortunately, there are no behavioral measures of spatial unmasking in northern leopard frogs, a species known for intractability in behavioral studies of sound communication. Nevertheless, this work has identified a prominent role for binaural inhibition mediated by GABA in the frog IC in enhancing the effects of neural spatial release from masking observed at the level of the auditory nerve (Lin and Feng, 2003) . As discussed in detail by Feng (2001, 2003) , a mechanism for spatial unmasking based on binaural inhibition in the frog midbrain appears to differ from that described for the mammalian IC (reviewed in Palmer and Shackleton, 2002) .
Spatial release from masking for communication sounds in other animals
Aside from frogs, spatial release from masking for communication sounds has been investigated in only a few other nonhuman species. Sümer et al. (2009) reported that echolocating big brown bats (Eptesicus fuscus) can detect echoes from relatively smaller target objects (i.e., the signal) when other objects producing echo 'clutter' were spatially separated from the target object. Dent et al. (2009) showed that both budgerigars (Melopsittacus undulatus) and zebra finches (Taeniopygia guttata) benefit from spatial release from masking in a task requiring them to identify zebra finch songs. Interestingly, Best et al. (2005) showed that human listeners also experienced a large spatial release from masking when the target signal was zebra finch song presented against various song or chorus maskers that were either colocated or separated by 90 . Using extracellular recordings of a prominent auditory neuron (AN1) in two tropical cricket species (Paroecanthus podagrosus and Diatrypa sp.), Schmidt and Römer (2011) showed 6e9 dB of masking release when calling songs and recordings of background noise from tropical forests were presented to the animals' ipsilateral and contralateral sides, respectively, compared with colocated presentations from the ipsilateral side. These results on crickets are noteworthy because of these animals' small body sizes and, as in frogs, the use of pressure-gradient receivers for sound localization by orthopterans (reviewed in Gerhardt and Huber, 2002; Michelsen, 1998) . There is also some evidence to suggest that pressure-difference mechanisms are involved in spatial hearing in small birds, such as budgerigars (Larsen et al., 2006) .
Conclusions
Considered within a broad, evolutionary framework, the cocktail party problem is best understood as a general problem in hearing and sound communication experienced by a broad diversity of acoustically signaling animals. Among vertebrate models used in hearing research, frogs encounter one of the most intense cocktail-party-like communication problems as part of their natural behavioral repertoire (Bee, 2012; Vélez et al., 2013) . Current evidence suggests frogs and humans rely on similar features of natural soundscapes to segregate signals of interest from competing signals and background noise (Bee, 2012; Vélez et al., 2013) . Spatial separation between competing sources of signals and masking sounds is one such feature. Indeed, spatial release from masking is taxonomically widespread and probably benefits many nonhuman animals that communicate acoustically in large social groups. Results from the present study of Cope's gray treefrog confirmed that the animal's ability to exploit spatial separation between signals and noise improved their ability to discriminate between communication sounds differing in their temporal properties along a biologically relevant continuum. The present study thus extends our understanding of spatial release from masking in frogs by directly linking spatial unmasking and sound pattern discrimination.
